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SUMMARY
The use of metallic bone plates and screws for internal fracture fixation is considered
to be a reliable method for achieving undisturbed fracture healing. Nevertheless, there
are several disadvantages of the use of these metallic implants, including the
possibility of bone athropy due to stress shielding of the rigid bone plates and screws.
This is one of the main reasons for the renroval of the metallic plates and screws in a
second operation. Bioresorbable polymeric plates and screws can be a good alternative
for metallic plates and screws. An advantage of bioresorbable materials would be that
functional stresses are gradually transduced to the bone because of the resorption of
the material. Also, if total resorption is accomplished, a second operation for the
removal of the plates and screws will be unnecessary. In our department a number of
studies have been performed to test the suitability of biodegradable polymers as an
osteosynthesis material for oral and maxillofacial surgery (Bos 1989, Rozema 1991).
These experiments proved that as-polymerized PLLA was biocompatible and based on
the decrease of molecular weight, also biodegradable. Based on these positive results,
a group of patients r,vith unstable zygomatic tiactures rvas treated with as-polymerized
PLLA bone plates and screws.
After a postoperative period of 3 years. a number of patients treated with
PLLA bone plates and screws revealed a swelling at the site of implantation. The
cause of this swelling is not clear, but is probably related with the degrading PLLA
implants.
Chapter I describes the main problems regarding PLLA implants; the cause of
the swelling, the long-term degradation, the histologic response during degradation,
and the total degradation time. The questions that have to be answered are:
l .  Is the swell ing temporary, and how wil l  i t  develop with implantat ion t ime.
2. Is i t  possible to develop a model that faci l i tates the simulat ion of long-term
degradation studies in vitro as well  as in vivo.
3. Is the srvel l ing caused by the biologic response to the degradation products.
4. Is the swelling induced by the degrading PLLA implant itself.
5. Does the development of a swelling depend on the site of implantation and
final ly is i t  especial ly as-polymerized PLLA that wi l l  induce such a swell ing.
6. Which otlier or newly developed polymers have the potency to be used as an
osteosynthesis material and how should they be tested.
Chapter II describes a mainly clinical follow-up of the patients with solitary
unstable displaced zygomatic fractures that were treated with resorbable poly(L-
lactide) plates and screws. Three years after implantation four patients returned to our
department at their own initiative. because they felt uncomfortable about an
intermittent swelling at the site of implantation. After this observation the remaining
patients were recalled to our department after the same post-operative period of three
years. All patients were examined clinically and a number of patients were re-operated
on again for evaluation of the swelling and to investigate the nature of the tissue
reaction. The explanted material showed remnants of degraded PLLA surrounded by a
dense fibrous capsule. The histologic reaction could be classified as a non-specific
foreign body reaction to the degraded PLLA material. Ultrastructural investigation of
the degraded material showed an internalization of lamellar PLLA material into the
cytoplasm of macrophages and fibroblasts.
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In Chapter III the examination of the same group of patients was extended
and fysical, histological and enzyme analysis were performed. The excised material
showed remnants of degraded PLLA material surrounded by a dense fibrous capsule.
Ultrastructural investigation showed lamellar PLLA material internalized by various
cells. The results of this investigation suggest that the PLLA material slowly degrades
into particles with a high crystallinity. The intra- and extracellular degradation rate of
these particles is very low. Atter 5.7 years of implantation, these particles were still
not fully degraded and resorbed.
Biodegradable as-polymerized poly(L-lact ic)acid (PLLA) implants were also
used for the repair of artificially created orbital floor def'ects in goats. Chapter IV
describes the results of a five year histological follow-up. After 3 years of implantation
the PLLA material showed some degree of degradation but certainly had not fully
disintegrated into small particles. After 5 years of implantation, the PLLA was still not
fully resorbed. In all sections, the implants were fully encapsulated by a fibrous tissue
layer. This capsule was covered by newly formed bone at both the orbital and antral
side. l.Jltrastructural investigation showed that lamellar PLLA particles were situated
between bundles of collagen and in various cells. These results are compared to our
findings of an earlier study in humans.
To enable degradation studies of the slow degrading PLLA, in Chapter V an
in vitro degradation technique was tested to obtain predegraded material. Two
biodegradable polymers, the homopolymer PLLA and a copolymer PLA96 (96Ll4D-
lactide), were hydrolytically degraded at 90 oC in a phosphate buffered solution.
PLA96 is anticipated to have an enhanced degradation rate compared to PLLA. The in
vitro degradation was followed by mass loss, decrease of molecular weight and
changes in thermal properties. Both polymers, PLLA and PLA96, showed an initial
linear degradation rate but with longer implantation periods the degradation rate
decreased and total degradation was best described as an asymptote. Mass loss of the
copolymer PLA96 was indeed two times higher than that of PLLA. The fysical
analysis of the in vitro predegraded polymers correlated with for both the decrease in
molecular weight and the therrnal properties with physiologically degraded
poly(lactide). The results of this study show that although the degradation temperature
is well above the glass transition temperature and not comparable to physiological
temperatures, there seems to be a good correlation between the in vitro degraded
material and physiologically degraded material. In vitro predegradation enables the
investigation of the entire degradation process of a polymer in a short-term study.
Moreover, in vitro predegradation allows a direct comparison of the degradation rate
between various polymers.
Chapter VI describes an in vivo experiment with in vitro predegraded
poly(lactide). To evaluate the biocompatibility of in vitro predegraded as-polymerized
PLLA a cage implant system was used to investigate white cell- and enzyme
concentrations with time. The use of a cage permits a quantitative and qualitative
measurement in a serial way of exudate components formed around an implant.
Subcutaneously in rats, capped cages manufactured from stainless steel mesh were
implanted with in vitro predegraded as-polymerized PLLA. As-polymerized PLLA
cylinders and empty cages served as controls. In vitro predegradation was used to
simulate the degradation products of long-term in vivo degradation.
Predegraded PLLA particles were obtained by in vitro hydrolysis at elevated tempe-
ratures. The first 7 days of implantation were characterized by an acute inflammatory
reaction, the exudate extracted from the cages showed predominantly neutrophils for
all types of implanl
with predominantlY
differences in the to
the cages in the Per









properties but a hig







periods. In this stu
PLA96, and CL-t
rnaterials subcutane






Based on the tYsic
linked PLLA was t
o f  PLLA.
ln the Previ '
possible relat ion br
swell ing. A clear t
detectable ibreign













all types of implants. After day 7, there was a more chronic inflammatory reaction
wilh predominantly macrophages and lymphocytes. There were no significant
differences in the total leukocyte concentration or macrophage concentration for any of
the cages in the period from 10-21 days. Extracellular enzyme activity did not show
any significant differences among the three types of cages either. A possible
explanation for the absence of any significant differences can be that the in vitro
predegraded particles were sieved before irnplantation thus eliminating all smal
particles (< 70pm) which are probably mandatory to provoke an increased cellular
reaction. However, the results of this study show that pLLA particles > 70 pm are
ful ly biocompatible.
In chapter vII three different types of polylactide were predegraded and
implanted subcutaneollsly in rats. In order to avoid complications u, i."n rvith pLLA,
polymers were developed that are anticipated to have comparable mechanical
properties but a higher degradation rate arrd do not degrade into highly stable particles
that can induce a subcutaneous swelling. On fysical grounds it can be expected that
co-pofymerization of PLLA with 4o/o D-lactide (pLA96) or by modifying pLLA
through cross-l inking (CL-PLLA) wil l  lead to less stable part icles and u t. .1igt, . .
degradation rate. To evaluate the long-term suitability of these as-polymerized
polymers, the biocompatibility of the degradation products should be studied.
considering the very slow degradation rate of as-polymerized PLLA, in vitro
predegradation at elevated temperatures was used to shorten the in vivo follow-uo
periods. In this study the biocompatibi l i ty and degradation of as-polymerized pLLA,
PLA96, and cL-PLLA were investigated by irnplanting predegraded particulate
materials subcutaneously in rats. Anirnals were sacrificed after a postoperative period
varying from 3 to 80 weeks. Light- and electron microscopical analysis and
quantitative measurements were performed. The histological response of all three
predegraded materials showed a good similarity with fysiologically degraded material.
Predegraded PLLA induced a rnild foreign body reaction and sirowed a slow
degradation rate. PLA96 and cL-PLLA, had a substantially lower crystallinity, a
smaller mean particle size and an enhanced degradation rate compared to PLLA.
Based on the fysical and quantitative analysis, the degradation of PLA96 and cross-
linked PLLA was much more enhanced and thus more t-avourable than the deeradation
of  PLLA.
In the previous chapter in vitro predegraded particles were used to investigate a
possible relation between the degradation products, small particles, and the described
swelling. A clear relation between predegraded poly(lactide) particles and a clinically
detectable foreign body reaction could not be found. In chapter vIII predegraded
disks of PLLA and PLA96 with sizes comparable with the pLLA bone plates used in
patients, were implanted subcutaneously in rats. Besides the ptedegraded material, no1-
degraded disks were also implanted. As controls PE disks rvere implanted. Animals
were sacrificed after a postoperative period varying from 4 to 52 weeks. Fysical, light-
and electron microscopical analysis and semi-quantitative rneasurements were per-
formed. Based on the fysical analysis, the degradation rate of pLA96 is higher
compared with PLLA. The histological reaction to non-predegraded pLLA and pLA96
disks was very mild. The histological reaction 1o the predegraded implants was
qualitatively the same as for the non-predegraded disks, but r,,,as more intense. A
number of predegraded PLLA and PLA96 disks showed an increase of volume with
implantation time, caused by the formation of large fields of polymer debris. It can be
concluded that although the degradation of pLA96 is errhanced, subcutaneously
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implanted PLA96 disks can induce a swelling similar as observed with PLLA
implants.
During degradation of high molecular weight as-polymerized PLLA, late
complications such as swelling of subcutaneously implanted bone plates have been
observed. However, in the same patients the intraosseously implanted PLLA screws
did not show any complications. To investigate a possible difference in degradation
and histologic response due to the site of implantation, subcutaneous and intraosseous
implantation studies had to be performed. In Chapter IX, intraosseously PLLA and
PLA96 rods and predegraded PLLA and PLA96 were implanted in rabbit tibiae. In
vitro predegradation at elevated temperatures was used to obtain an enhanced
degradation rate to simulate long-term physiologically degraded material. Animals
were sacrificed after a postoperative period varying from 2 to 26 weeks. Light micro-
scopical analysis and quantitative measurements were performed. The non-degraded
rods were encapsulated by fibrous tissue and the histologic reaction with implantation
time remained very mild. The predegraded PLLA and PLA96 implants showed a high
rate of fragmentation and internalization of particles by macrophages. In the medullary
cavity large fields of macrophages, and with the predegraded PLA96 implants,
haemorrhages and infiltrate were noted. Although large fields with macrophages with
internalized particles were seen, no osteolytic changes of the cortical bone were
observed. It can be concluded that based on the disintegration of the implants and the
accompanying histological reaction, a similar reaction was seen compared with the
subcutaneous implants in former studies. This indicates that not only the site of
implantation, subcutaneous or intraosseous, but a number of other factors will
determine the way of degradation and corresponding histologic response.
As reported in previous studies, as-polymerized PLLA seems to cause
swellings at the site of implantation and it has a very slow degradation rate.
Copolymers of L-lactide and D-lactide are expected to have an increased degradation
rate compared with PLLA and perhaps do not induce a swelling during degradation. ln
Chapter X, 20 mg and 80 mg disks of fully amorphous poly(50l/50D-lactide) and
semicrystalline poly(96Ll4D-lactide) were implanted subcutaneously in rats. The
PLA50 disks showed a fast degradation rate, the 20 mg disks had totally been resorbed
after 16 weeks, the 80 mg disks after 32 weeks. Macroscopically, all amorphous
implants revealed a clinically detectable swelling of the overlaying tissue. These disks
had, on a cross-section, a whitish surface and a more transparent or hollow inner
surface. The PLA96 implants induced a very mild histological reaction up to 78 weeks
of implantation. After a follow-up of 101 weeks PLA96 disks had not totally been
resorbed and also showed a clinically detectable swelling but no transparent or hollow
inner surface was observed.
Based on the results of this thesis, it can be concluded that a semicrystalline as-
polymerized polymer, such as PLLA and PLA96, can induce a late and probably
persistent swelling when used in a subcutaneous implantation site. Amorphous
polymers however, can also induce a swelling, although the origin and nature of the
swelling seems to be different. ln the near future, development of copolymers of L-
lactide, D-lactide or glycolide in combination with cross-linking and different
processing techniques will perhaps provide a polymer that can safely be used as an
osteosynthesis material for oral and maxillofacial surgery. Future research will focus
on the development and testing of the degradation rate and degradation mechanisms of
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